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The effect of fuel and air injection was experimentally studied in a cavity based
flameholder in a supersonic flow. Cavity based fuel injection and flameholding offer an
obstruction-free flow path in hydrocarbon fueled super sonic combustion ramjet (scramjet)
engines. The characterization of cavity-based fueling systems is still largely unavailable.
Therefore, the subject of this investigation was to expand the cavity based fueling system
such that both fuel and air are directly injected. Additionally, this study included
characterization of the operational limits (i.e., sustained combustion limits) over a variety of
fuel and air flow rates. The cavity isrecessed below the surface with a 90-degree rearwar d-
facing step and a trailing ramp with a 22.5 degree ramp angle. The cavity rearward ramp
includes ten span-wise injection ports at each of three axial stations configured to inject air,
fuel and air respectively. Planar Laser-Induced Fluorescence (PLIF) techniques were
utilized to collect planar distributions of the OH radical at various axial locations within the
cavity under different flow conditions. Furthermore a high speed emissions camera was
used to evaluate the combustion across the cavity. Direct injection of both fuel and air
provided additional capability to tune the cavity such that a more stable decentralized flame
results. The addition of air injection provided the most improvement over the baseline case
(fuel only) near the upstream portion of the cavity closeto the cavity step.
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. Introduction

ypersonic flight has offered and will coninue to offer significant payofs for both the military and civilian

populace. Flight at highe Mach numbersis corducive to busines in the global market place as both high
priority packagesndpeople canbetranspoted acrosgyreat distancesn shorttime. Military leaderscanutilize this
technologyin the war on terror which fundamatally requresa quick responséo neutralizesinglesignificantthreats
within narrav time windowsin orde to capitalize on inteligence. Higherflight velocitiesenablegreaer distances
to be coveredwithin acceptalbe responsdimes. Given thattoday’s military continuesto strugglewith downszing
andbaseclosureand redignment, hypersonicvehiclesoffer the potertial to rampdown overgasoperatonswithout
addrimentl effecton respansetime to overseatargets Furthemore the high kinetic erergy could also be applied
to weaponsystemswhere targetsare neutralized using the kinetic erergy of the warheadrather than chemical or
nuclearenergy. The applicaion of SCRAMJET technologycoud also reducethe costof spa@ accessdy providing
spaae vehicles with a fraction of the requred escae velocity. For these reasors, SCRAMJET techrology is the
subjectof researctaroundthe globe®?

A. Background

Flight in the hypersonicregimehasbecomemore comnon sincea GermanV?2 rocketexceededlach5 in 1949.
Seweral cowntries now have rocket programs tha provide accessto spaceard thesevehides encainter hypersaic
envionmens. Traditionally, however,rocket propukion has been applied to realize hypesonic flight. Such
systemsfrom a historical stardpoint, require morefuel and oxidizer to satsfy a desre to fly fartheror faser. One
of the primary disadvantagesof rocket propukion at leastfor atmospheic hypersonidli ght is thatthey mug carry
all of their oxidizer on boad. This in addiion to the increasd nunber of componens required to store and
transportthe oxidizer to the combustionchamber contributessignificantly to the overall weight and complexity of
the vehicle. The increassed weight transhtes simply into larger vehicles or decreasedbayloads. Supeasonic
combustionRAMJET (SCRAMJET) engheswould negde the needto carry oxidizer on boardof the aircrat asall
of the oxygen needel for combustion would be garneed from the amosphee. AnotheradvantageSCRAMJET
engheshawe overrodkets is thar ahility to bethrottled. Thrust levelsfor solid rocketsarebasedsolely upondesign
andcurrentliquid rockets hawe li mited throttleability.

Supersoniccombustion is inherently a difficult event. Generaly speaking, combustionis an exothemic
chemicalprocesswhich requires fud, oxidizer, initiation energyand time for the chemicd reactionto take place
The last key ingredientis not eassy to come by given supersaic flow throughthe SCRAMIET. The sinple
relationshipbetweertime distane andvelocity would tend to suggestncreasng the lengthof theengne to allow a
greder time for combustim to take placegiven the velocity of the flow through the engine. Howeverthis would
increasethe weight of the enginethereby deaeasingan aircrafts payload Furthernore,it hasbeennated that the
thrustto drag ratio of an engineis approximately proportonal to the ratio of the combustor’sdiamete to its length.>
This provides addtional incentive to keepthe combustorlengthto a minimum. A significant chdlengein the
geneationof SCRAMET propulsionis complding the combustbn processwithin the engine. Combuston recquires
that fuel is introduced, mixed with the oxidizer in a sufficient quantity and then provided with energyto stat the
readion process As noted previously, this requres a finite amount of time which, given corevelocity throughthe
burne, canbe relatedto distance. Since large distarcesare not feasble severa techniqueshave beenemployed
both computatonally and expeimentally to assst the combusibn process First, obstructonsand/or fuel injection
schemescan be introduced into the supersont flow causing disruptionin the boundarylayer andthe formaion of
shockvaves. Previbuswork hasshown this creates a regionof high turbulence thatcanbe comparedo a regionof
effective mixing atleaston a qualitaive basis. Secondly a cavity canbeintroducedto theflow creatinga subsonic
flow regiontherebyincreasing the residene time and creatng a region of heatedgase to aid in the comtustion
process.

B. PreviousResearch

Cavity basedfuel injection and flameholding offer an obstuctionfree flow path in hydrocarbonfueled
SCRAMJET ergines. Suchflame holding cavities can provide the benefit of relatively long residence timesand,
coupledwith a direct cavity fuelinjection scheme,can provide robustflameholding with minimal dragpenatiesin
the presenceof significant change in the freesteam flow field. However, detailed information regading the
behavior of thes devices nanely ther optimd shge and fueling strategis, combudion stability and interactions
with disturtancesin the man air flow is largely unavailable in the exising literature? Previous studies have
condudedthatvariaions in geometryaffectdifferentaspets of the flow in andaroundthe cavity. Key geametries
that affect cawvity flowfields andthereforeits suitability asa flameholderare asfollows: lengthto depthratio, offset
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ratio andaft rampangle. Thelengthto deph ratio categorizes cavities aseitheropenor closed. The shearayer of
anopencavity spansthe entire cavity length whereaghe shea laye attaches to the bottom wall of a closed cavity
dueto the canity’s increasa length. Typicaly, L/D<10 definesanopen cavity while L/D>10 is consideredh closed
cavity. Studieshave showntha open cavitiesimposea smaler dragperalty on a supersoni@ngine’ Previouslow
spead comhustion studiesfound optimum flameholding performancecoincided with a cavity with its lengt to depth
ratio sizedfor the minimum aerodyramic drag. Longer cavities prodiced vortex sheddingthat resuted in cavity
oscillationsard unstéale flames and shorter cavities lacked sufficiert air enrainmentto sustan combustiorr. As
noted before if the cavity lengthincreasel suchthat the cavity was closed(L/D>10) anevengreatefincreag in drag
would ocaur. Cold flow calculationsperformed by Baule and Gruber for various geometriesshow that cavity
length determhesmassentranmentand cavity deph deteminesresidere time®’ Changego the offsetratio also
causedrasic changsto theflowfield. As offsé ratiois increaed abowe unity a strongexpaisionfan takesthe place
of a conpresson wave at the forward cavity wall. Additionally, increasinghe offset ratio seemsto influence the
vortexstructurewithin the cavity. During a nonreadive flow studyperformedby Gruberetal., curved waveswere
shown emanatng from the cavity’s forward wall at an offsetratio of one. Thesewavesmay be the prodict of the
oscillatorynature of the cavity vortex. However, when the offsetratio wasincreasedo two for the same aft ramp
anglecurvedwaveswere not geneated. The aft ramp angleis anotherkey paraneter affecting cavity flowfields.
Gruber et al. studied the flowfield in and arourd several different geonetric configurations under Mach 3 flow
conditions. The study was nonreective andincludedboth scHierenandshadowgrph photography. Furthermore a
computatioral fluid dynanics (CFD) routine was execuéd for various cavity geometries. Resdencetime (t) was
reduced from CFD daa. Stating from a steady stae solutionthe fluid is markedand the smulation is stepped
forward in time while the markedfluid is monitoredasit exits the cavity. The drag coefficdent presentedin their
studyis the dragforce normdized by the freesteamdynamic pressue andthe cavity fore wall ares®. As theaft wall
angle () is reducedfrom 90° a more stable, two-dimensionh flowfield is formed. The separationwave at the
forward cavity step changesfrom compressie to expansve as0 decreasefrom 90" to 30° to 16°. Additionaly,
reductionsin the aft ranp anglefrom 90-30-16° resultedin higher dragcoeficientsandlower resdencetimes,both
of which could be conddered detrimental to an effective flamelolder. However,the resuting stableflowfi eld from
a deaeasedaft ranp angle could justify a decreae in resderce time ard an increasein drag coefficient. “In
geneal, decreamg the aft wall angleshouldpromotebaoth a more acoustically stable cavity flow (and subsequent
stableburning andimproved entranmentbecausehe shearlayer impingesdeepe into the cavity.”® This trendhas
been verified in reactivestudies. After several injection sites were studiedfor a fixed cavity geanetry, a wider
rangeof sustanedflames wasestalishedusingcavity rampinjection.*
Numerousstudeshavebeenaccanplishedregardingfl ow overopencavities
asit is anoftenseenconfiguration. Thereareseveralflow trendsthat shoutl be
noted. First, rectangula cavities are usualy characerized by a levd of
unsteadines This unsteadhessis obsered asosdllationsin pressuredensity
and velocity in and around the cavity. Unsteadiress introdwces anotler
conplicating elementinto the cavity flow dynamics andit has beennoted that
cavity flow canbe very threedimensioml, espedcilly off centerline. Semndly,
the creationof a lobed redrculationzoneis commonly noted. Figure 1 shows
the pressure contours and stream traces derived from a standard two-
dimensional eddy-viscositybasel CFD turbulence model. Notice that two
counter rotating lobes are formed for ead of the geometris usedin the
simulation. Decreasinghe aft ramp angle appeas to decreae the size of the -
secondarylobe. However, for both L/D and eeach aft ranp angle studieda ...
primary ard seconday vortex was generated. It has beennotedin previous S
subsoniccombugor simulations that the sizes of the vortices alternag in time.
Cavity flow is further complicatedby the three dimensiondity of the flow. The
simuation resaults shownin Figure 1 are basedon the cavity cenerlinewherethe
flow tendsto be two dimersional in the x-y (streamwisetrans\erse) plare.
However, becauseflow is three dimensionaladdiional strucures most likely
exist in the x-z (streanwise-spanwise)plane. This aeaodyramic feature of Figure 1 — StreamTraces
cavities presems both challengesand benefits to its use as a cavity based (Ref 5 Mach 3)
flameholder. Theregionof recirculation will provide additional residencetime
for combistionto takeplace However the dual vortex structure may require more complicatedfueling schemedo
provide a uniform combustibé mixture throughouthe cavity.®
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Fueling stratgies mustbe delived to ensurea robust flameholderfor both the subsmic and supersnic modes.
First, consider the air entranment rate for both i
the subsmic (high backpessure) and Baseline (Low Back
supesonic (low backpessurg cases. Figure 2 o
shows arepreentatve shadowgrphimagesfor
each case. Notice the shear layer reattachmat
is ontheaft ranp face for the purdy supersonic
case (low backpressue) and thatit is separted
from the cavity in the subsoni/supesonic case Figure2 — Cavity Flow Conditions(Ref 4)
(high  backpressre). This difference
subsantially altersthe freesteamentranmentwhich could be a mixture of fuel and air, and effedively incresesthe
volumeof the canity in the high backpressie case. It has alsobeenshowntha mixing is enhancedwithin the cavity
by the shack train developé at a high badkpressue. A flaméholding cavity wasdesigred, fabricatedandtestedby
the Air Fore Researh Laboratoly at Wright-Paterson Air Force Basein Ohio throughthe Prgpulsion Science
Brarch (AFRL/PRAS) Thedesign is shownin figure 3. The cavity hasalengh of 2.60in, a depthof 0.65inches
andanaft rampangleof 22.5°. It isanopencavity givenits L/D of 4.7 andit hasan offsetratio of unity. Several
fuel injection strategieswere studiedby Gruberetal.* for boththe high andlow backpressire cases.Mixing studies
involving indirectinjedion showedhigherjet peretraion giventhe high badkpressurecondition. This equatedto a
reduced entranmentinto the cavity. They also showed that entrainmert into the cavity relieslargely on diffusion
through the shear layer and the interaction
betweenthe shearlayerandthe aft rampface. L L=2.60 .
Direct injection through F4 andF5 portswere - 1 [ ) ]
in general better cavity fueling schemes. N

. i : F1/F2

However, cavity fueling was still dependent = T /D
on the shearlayer interadion with the aft i
ranmp. As noted before the flaméholder must _ -
be effective during duatmode opeation.
Sewral cavity combusion tests were Figure 3 — Cavity Geometry
conductedduring the trangtion from low to
high backpessure. The only fuding schemethat produced sustined cavity combustion with the presnceof the
shocksystemwasF5 (aft rampinjection). The influence of the shack sysem and shearlayer on cavity fueling is
minimized by fuel injection from F5. Despte the increasedrobustressof the flameholder using aft ramp injection
fueling schenes, Grube et a. noticed that somefuel injection pressuresesulted in localizedcombuston regions.
This suggestedhat the cavity may be too largefor efficiert mixing and combustionfor the conditionsteged. A
drag penaly is paid for the inclusion of a cavity basedflamelolder. Fromthis standpoint, it is importantto ersure
that the cavity sizeis kept to a minimum andthereforeefficient useof cavity volumeis essential. The combustion
studyaccomglished by Gruber utilized PlanarPLIF configured to detectthe presrce of the hydroxyl radical. For
givenfreegreamconditions,imageintensitywasgreaestfor a singlefuel flow rate. Thisindicateshatgivena fuel-
only flow thefuel flow ratemustbe tunedto obtan maximum utilization of the cavity volumewith minimum flame
oscillations Aft rampfueling strategiesappear to offer the bestfuel/ar distributionwithin the canity as well asa
wide rageof fuel flow ratesover which combistion may be sustaned whencompaedto the otherfueling locations
studied. The fuel flow rate can be optimizedand deviatonsfrom this optimal point lead to a flame with increased
oscillations and large spatial gradents* Fueling the entire cavity from a single streamwise location can be
conplicateddueto the aerodynamicsof the cavity vortices. Fud mustbetransportedrom theinjectionsite forward
to the cavity stepby meansof thesestrudures.

-Pressure) Shock Train (High Back-Pressure)

C. Current Study

The subjectof this investigationwasto expandthe cavity basedfueling system suchtha both fuel and air are
directly injeced. It waspropcsead tha this method would provide a uniform fuel air distribution within the cavity
over awide rangeof fuel flow rates andfreestreantonditions therebyresultingin an efficient, robustflameholder.
Additionally, this studyinduded chaiacteriation of the operatond limits (i.e., sustainedcombuston limits) overa
variety of fuel andair flow rates. Both advancedon-intrusive diagnosics (i.e. PLIF) andtraditional mettods were
usel to charaterizethe combustionandflowfield conditions.
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1. Experimental Setup

A. Test Facility

The AFRL/PRAS Large-Scale Supesonic Conbustion Research Fadlity is an in-house facility capabé of
allowing studiesof the enhancenm and control of fud-air mixing in supersoniconbusbrs with conventionaland
stateof-the-art non-intrusivediagnostidechniques. Thetunneldesignprovides optical accessrom up to threesides
of the testsecion through fusedsilica windows which provide excelent transmisive propertiesin the ultraviolet
wawvelengths The nozzle sidewalls,as well as the top and bottom walls of the test sectionare equippedwith
conventionabtatic pressue andthermocoupe taps. Furtherdetals of the testfacility aredescribed elsevhere®

A two-dimensonal converging-diverging Mach 2 nozzlesecton, configuredwith an asymmetrinozzle,is used
to developthe desred inlet conditions. The fadility nozzle is corfigured with nozzleblodks to createa 2-inch high
by 6-inch wide exit to createthe Mach 2 flow throughthe testsection. The testsectionis equipped with insertsto
crede a conshntareaisolaor section 7 inchesin length The constart areaisolatorallows the tunnelto functionin
ramet, scramjetard dualmodes. In the ramjetconfiguraton, the backpressures raisedto movethe shock structre
conpletely into the isolator sedion creating purely subsoit flow in the testsection. Lowering the backprasure
moves the shock strucure into the testsection. Lowering the backpressuréurther creaespurely supersnic flow in
the testsecton. Theisolatorsection is followed by an insert creathg an expanson sectiondiverging at 2.5 degrees
29.125inchesin length.

B. Test Procedure

The cavity, shown in Figure 4, is recessed
from the surface with a 90-degree rearward
facing step and the trailing edge is
configured with a 22.5degree ramp. The
currentflamehober configurationhasa depth
of 0.65 inchesand a lengh of 2.60 inches.
Fud and air injection is accomplished
through three sets of injedion sites located
alorg the aftramp All injectors are directed
paallel to the cavity floor. Each spanwse
row of injectorsis fed from a single manifdd
and can be configured to inject either air or
fuel. This fueling schemeallows the fuel
oxidizer to be obtaned from main two
saurces: direct injection and free stream
entrainment The uppe (A2) and lower rows
(A1) of injectars were configural to inject air and corsist of 11 orificesead with a diameterof 0.078 in. The
middle row (F1) wasconfiguredto injectethyleneand corsistsof 10 orificeseachwith a diameter of 0.063inches
Injectorcerterlineswere located0.35, 0.55and0.75inchesvertically abovethe cavity floor.

The fuel and air injection systemwas automat@ and interfacedwith a compute basedcontroller and data
collection sysem. The injection pressurewasregulaed with a dome loaderand controlledremotédy with an air-
aduated isolaton valve. A pressuretransdeer and thermocouplewere used to measue the pressue and
tenmperatureof the injedant. Additional pressureard tenperature data was gatheredusing a bank of Pressire
Systems|/nc. strain gagetransduces and Type-K thermocoupleglistributad aboutthe ted faciity. All datawas
recordedin a conputerfor future analysis. The massflow rate of gaswas measired using a bankof Tylan mass
flow controlers. Thesemassflow contrdlers are manufacturedo output air giventheir full scde rating which is
measuredin Standad Liters PerMinute (SLPM). Beause one of thesecontrollers was configuredto measurghe
flow rate of ethyleneas oppose to air, a correcton factor of 0.6 was applied in accordane with the Tylan mass
flow controler usersmanual. The ethylene fuel wasintrodwcedinto the cavity using a 200 SLPM full scde mass
flow contrdler andtheair wasmeteaed by a 500 SLPM massfl ow controller.

As with similar studies perfamed at this faciity, the flow through the testsectionwas stabilizedat eithera low
or high backpresgre condition. Both condtions were establshedby manipulating a valve downsreamof the test
section. Resticting flow increasedthe backpressuresimulating the ignition transent atlow Machnumbes. Onthe
othe hand,opering the valve decreasedthe backpressurend simulated highe flight Mach numbersandsupersonic
flow through the combustor Only low backpressue cases were presetted here becausethe asodated flow
dynamicsprentthe gredaestchallengedor mixing and combustion.

Trangverss

Figure4 — Cavity Hardware
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C. Non-Intrusive Flow Diagnostics

OH-PLIF is usedto track the presenceof the hydroxyl radical produced during the combugion eventwithin the
cavity. For laser diagnostis using the OH-PLIF tecmique,a Lumoncs Hyperdye dye laser is punped with the
second harmanic of an injection-seeded Spedra Physicsneodynium dopeal yttrium-aluminum-garnet (Nd:YAG)
lase (GCR-170). Thedyelase outputis frequency-doubled usingan Inrad Autotraker Ill.  For hydroxyl excitation,
the dye laserwastunedto 587 nm so that the frequency-doubledradiaton matchedthe wavdength for the Q,(8)
trarsition of the A%Z*-X11 (1,0) band

The lasersheetis formedusing a par of lenses,a plano-conave cylindricd lens(~150 mm focal length)anda
plarmo-convexsplerical lens(1000mm focal length). This arrangenentresuts in a sheetheight of approxmately 2
inches. The transmittingand receving optical hardwareare positioned on a tranwersing table allowing renote
positioning of the measurementvolume atanydesiredstationin the flow field.

A Princeta Instrumerts PIMAX Charge-Coupled Device (CCD) digital camerawith a 512 by 512 pixel array
was usedto detect the fluoreseence For OH LIF detcion, fluorescere from the A-X(0,0) and (1,1) bandswas
isolaedusingUG-11 and WG-295filters. The canerarecordsnontime correltedimages during the testcondition.
The camerais progranmed to captureanimagewith eachlaserpulse. Howe\er, the frequeng of thelaserpulseis
100 Hz, fasterthan the refresh rate of the camera. The cameracollects an image at the next laser pulse after
refreshing, leading to the nontime correlaton of the images. A bendit of this is the imagesawid creatingthe
impressiorof, or failing to detect, harmonc behaviorsin the flow.

The profile or crossflow visualization places the lasersheet on the centerline of the testsection End view
imagesare collectedat stations1, 2 and 3 located at 0.125,1.5 and 2.5 inches aft of the forward cavity step
respectivey. Becauseof limited visualaccessthrough the endof the test section, the camerais placeat anande to
the sidewindowof thetestsection. Becawsetheimageswerenot correded, distortionwasevidert.

A secand optical high speed camea wasplaced perpandicular to the flow. This canerarecadedlight emitted
within the visible spectum at capture rates at appraximately 3000framesper second. Theintensty of eachpixel is
the productof line integration aaossthe spanof the cavity. Areasof increasedntensty wereasumedto correlate
to areasof increasedcombustion adivity .

[11. Resultsand Discussion

A. PLIF Data Analysis

PLIF imaging is acomplishedby excitingatomsandmolecues using a two-dimersionalareaof lase light. The
lase light energyis absobed by the atons and moleaules which, in turn, canpotentidly decaybad to the ground
state. This releaseof enagy is imagedat a right angleto the path of excitaton onto a two-dimensionaldigital
canera. As expected,the intensity of the image dependsupon the chemical compostion and local physical
propertiesof theflow. This studywill assune thatincreasedmageintensityis afunction of increagd concentration
of OH. In otherwords, higher signd implies higher concentation® Non-intrusive technique naméy PLIF and
high speedligital emissionsrideowasultilized to provideflow characerizaion data Theresut of PLIF diagnosics
wasa seriesof approxinmately 100iagesand the produd of the emissionsdiagnostisc was recordedn *.avi format.
Theseimages were reducel primarily throughthe use of imaging sotware (Image J version 1.23 and PDView
version5.0) to detemine the mean and standarddevidion of a seriesof chrorologically capturedimages Mean
imageswere use to chamaderize the intensity and cone@ntation of hydraxyl radicds given high speedemissons
caneraandPLIF diagnosticsrespetively. Standardieviationresults were consideredio be a qualitatve measire of
unsteadinesandtherefoe flameinstability.

The cavity wasconfigured for air injection through the lower injection rows (A1) and for fuel injecion throuch
the centerrow (F1). Thetestconditionswere nomirally at Mach2 with a stagnationpressire and temperatureof 80
psiaand 580°F with low backpresaure (i.e. purely supersoit flow through the testsection). Fuel was injected at
35%, 50% and75% of full flow of the fuel masscortroller (120SLPM). This resultedin fuel flow ratesof 38.4,60
and90 SLPM respetvely. Basdine caseswererun for al fuel flow cases(35%, 50% and 75%) and PLIF images
were takenat all staions. The mean baselineresults are shown in Figure 5. Staions 1 through 3 are labeled
respectivey andunlessotherwisenoted,al images are presentd on the sameintensity scale (180060Q) to allow
unbissedcomparson. The scalepresented abovedefinespixels with a value of 1800to berepreserted by blackand
pixels with a value of 6000to be representd aswhite. Pixels between1800and 6000will be shown in shads of
grey. The spanwee centeline of the cavty can be imaginedasa vertical line locatednearthe right-hand side of
each image. Given tha the images abovewere acqured at three different streamwiselocationsthroughoutthe
cavity, these imagesprovide informaion asto where combusion was occurringwithin the cavity. An efficient
cavity shoutl exhibit evidenceof combusibn reactions, hydroxyl radicds (OH) in this case, throughoutits volume.
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The presencef OH is indicated by increased 32% Fuel 50% Fuel 759 Fuel

pixel intersity (white regions) within the

photograph This study will assumethatthe

presence of OH is proportiond to the

combustionreacton rate that is taking place

atthegiven secton. However,it is important

to note that the presence of OH at the pe<t 5 -
measuredlocation could be the result of the ' - ‘ (

production at andher location and
subsegent diffusion and/ortranspat to the
measured locaion. This is due to the
relatively long life of the hydroxyl radical.
Notice that the intersity is highestat statons

1 and 2 given the 32% fud flow when

conpared to their respedive staions at Figure 5 - Baséine PLIF images
higherfuel flow rates. This is most notablefor staion 1 bec@usebasedon this scalevery littl e intensityis notedat
station one for both increases in fuel flow above 32%. Furthermore the overall intensty at stations1 and 2
decreaseswith increasesin fuel flow rate This indicaesthat as fuel flow increasesabove32%, combusion was
negdively affectedat streamwisestaionsforward of the aft ranp (statons1 ard 2).

The baselhe caseexhibitsthe sametrerd obsened in previous reseach. Specificdly, a cavity thatis directy

fueled is optimaly tuned for a single fuel flow rate —vT -y
Increasesor decreasedrom this “optimal” levd lead to 0% Air Flow 20% Air Flow

locdized regions of combustion which canbeinterpraed as - z

inefficient useof the cavity volume. From this standpoirt, !
ey

whenfuel wasinjectedat 38.4 SLPM (32%), the cavity was
optimally tuned given the fuel only injection schemes
studied and shown in Figure 5 becawse eviderce of
combustion was noted at all stations. Furthermore, the
readershoud note thatthe mostsignificant changein image
intensity as a function of fuel flow was noted at station 1
nea theforward cavity step.

For the next study, air wasdirectly injected through the
bottom injecion ports (Al) into the cavity to study its
effeds on conbustion. Thiswasaccomplishedusinga mass
flow contoller with a full scale cgpability of 500 SLPM.
The same fuel flow rates and injection locations were 3
utilized for ea® of comparison. Figure 6 showsthe effects .
of air injection given a constantfuel flow rate of 32% (58.4 Fiaure6 — 32% Fuel Flow
SLPM). Air is injected at 50% (250 SLPM) in addtion to the baselne (fuel only) case. Figure 6 shows an
improvemenin cavity combustionmostnotably at station1 whereasvery little changeis notedat stations2 and 3.

This effect demongates that the direct . . .
injection of air through the bottom row of 0% Air Flow 50% Air Flow 75% Air Flow

injectors can provide anothermecharism to
optimize the combuston process with the
cavity. Howeverasshownabove at this test
point, increasesin ar injection do not :

neessarily reault in improved combustion

throughthe ertire cavity becausecombustbn

at stations2 and 3 reman largdy uncharged

The mostnatable increasein combustio was 2 P

atstation1 nearthe cavity step. .
Similarly, fuel wasintroduced at 50% (60 & "’ '

SLPM) and air was injectel at 50% (250

SLPM) and 75% (375 SLPM) in addtion to

the baseline (fuel only) case through Al.

Figure 7 showsthe effed of increasedair flow

Figure7 — 50% Fuel Flow
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Freestream Air Entrainment

given a consant fuel flow rate of 50% (72 SLPM). The increaein airflow from the baseline caseto 50% (250
SLPM) air injection flow rate causedan increasein combustbn at station 1. However the continuedincreasein
airflow from 50% to 75% (375 SLPM) resuted in a decreasén - -
combustion at staton 1. Image intensity remainedstealy for 0% Air Flow w
station2 ard 3 given al air loadings applied at this test point
Although there was insufficient resoluton given the daa to
determine the airflow ratethat provided the optimum utiliz ation
of cavity volume for this fuel loading, when the air flow wasat
50%, statian 1 exhibited the highestconeentration of OH among
conditionstested In the samne way that stations2 and 3 were »
minimally affected by the introdudion of air at 32% fuel
loading,comtuston at stations2 and3 at 50%fuel loadingseem
to beindependentr weak fundions of introducedair flow.

Fuelwasintroducedat 75% (90 SLPM) andair was injected y
2 85% (425 SLPM) through A1 in addition to the baseine (fuel | e G
only) case. Figure8 showsthe effea of increasedair flow given
a constantfuel flow rate of 75% (90 SLPM). The combinatbn 3
of this fuel loadng and theintroductionof air demorstrated similar Figure 8 — 75% Fuel Flow
trerds compared to the 32% and 50% fuel flows. The gredest
increasdn intensty was evidenced at staton 1 athoughstaions 2 and 3 incurreda slight intersity increae given
theincreagdair flow.

This fueling scheme fud injection at F1 andair injection at A1, producedanincreasdn combistionat station1
in each of thethreefud flow rates. Figures5
through8 showthat givendired air injection
cavity combustion can be optimized for
various fuel flow rates. Howeve, as noted
before, comlustion is not necessarily
improved uniformly throughout the cavity.
The inconsidercy in cavity combustio
throughout the volume is a product of the
conplexities of mixing, variations in local
temmperature and pressue and three
dimenSionalca\fity ﬂOVVfleldS amorg a hOSt A - EFx;ess fut_el.is entrained by_fcrward vortex and lacks

. sufficient oxidizer for combustion

Of Other paﬁmeters FIgUfeS 1b and 1c ShOW B - Momentum of aft vortex and fuel injectant carry products
the streamtracesof cavitieswith Comparate of ccmbustign and @burned fuel toward the cavity step
geometry to the expeimentd hadware. € = SemPustion regien
Notice that two counter-rotating lobed Figure 9 — Rich Cavity Combustion
structures are commonly found in such a
configuration. This structure complicaesthe fuel andair transportmechaism especialy nea the cavity step As
noted before mass(air, fuel and produds
of combusion) is transpoted at different
rates betwea the freesteam/caity sher
layer/aft vortex ard the forward vortex/aft
vortex. Previous aft ranp, directfuel-only Air 0% Air 15% Air 30%
injection studies have concluded that for
higher fuel flow rates a fuel rich region is
formed nearthe cavity step? This region,
as implied is not populaed by a
combustible  mixture and therefore
contributesto the overll inefficiency of
the cavity volume.

The addition of air injection through
Al servedto aid combustionat station1
whencompaed to the baseline(fuel only)

case This obsewvation was noted Air 70% Air 80% Air 100%
previously and evidencewas presented in  2000-8000 Mean Figure10 - 32%Fuel Flow
8
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figures5 through 8. As noted in Figure 9, theregon sanpledat0.125 inchesfrom the cavity step(station 1) hasthe
potential to becone “rich” in theabsenceof sufficient air injedion given the fuel loading. Thistendeng at station1

to becomerich is offset by the direa air injedion. Similar to the postive comhination of fuel injectantand cavity
toward the cavity step. Howeve, this injection schane merely providesanothemedanismto optimizecombustion
over a rangeof operating conditions. Increasig air injection without bounddoesnot alwaysequateto improved
combustion Referencegheimagesshownin the first row of Figure 7 correspomling to station1. Increagg the air
con@ntraton.

Air injection atthe Al site significantly alteredcombuston nearthe rearfacing step. A follow-on investigaton
was initiated to further chaactelize the
nea thecavity step Thechosenlaserplane o
was locatedat 0.25 inches aft of the step,
nomal to the freesteamdiredion and will
flow rateswere studied,however only the
low fuel rate reailts are presented in this
paper. Optimum combustiorat an arbitrary
combustionthroughoutthearea Therfore, , Air 50°, ,

) / X Air 40% ir 50% Air 60%

mean images with near constant high
intensity and standad devigion images
represaitative of optimum combusion.
Figures 10 ard 11 presentthe mean and -
standard deviaton respetively of images Air 70% Alr 80% Air 100%
air injection massflow rates. The scde for eachfigureis included and takesthe form of (blackwhite). Figure 10
shows a gradwal increase in the combustion presen at station 1a given increasesn air flow. Thereis very little
difference between the meanimagesacaquired at an air flow of 40% through 90%. Figure 11 is the standard
similar for both the meanand standad deviations. Steble combustbn appexrs to betaking placeat stationlafor air
injection above15% as indicated by the meanand stardard deviation images. For 32% fuel flow, 50% air flow
seemsto optimally tune the cavity evidenced by a relaively uniform bright meanand a relatively uniform dim

vortex, air injectednear the bottom canity floor is conplimentary to the local flowfi eld and improwesair transport
flow from 50% to 75% at a fud flow rate of 50% showsa deceae in combustion as inferred from OH
effeds of air injection (A1) on combustion

be referral to as staion 1a Sevenl fud Air 0% Air 15% Air 30%
locdion is defined by steady uniform

with congant low intensty should be

taken at a fuel flow rateof 32% and various 10-1800 Standard Deviation Figurell— 32% Fuel Flow

deviation of all imagescdlected at this testpoint. The imagesfrom air injection between30% and 90% arevery
standird deviaton.

B. Luminous Flame Emissions
A high speedcamen was positioned normd to the flow such that the entire cavity profile was visible. This
methodprovidedanoverall view of combuston asevidenad by the presencef luminouspartsof the flame within

the cavity andwasuse to furtherextendthe
combustion information extractal from the
PLIF diagnastics. No visible light
emissions are shown in black while

increasesn flameemissios arerefleded by Air 0% Air 15% Air 30%
increasesin intensiyy (white). Data was

taken at threefuel flows, various air flows

andboth high ard low backpressue. A red

reference line was added at the sane

locdion for eachimage. This line was Air 40% Air 50% Air 60%
intended to define the cavity boundaries,

however it must not be taken as an exact

representatin of the cavity.  Specfic

imageswithin a table will be identified by

the following: (row, column) Air 70% Air 80% Air 100%

Figure 12 - 32%Fuel Flow Mean Images
9
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The seiies of images shownin figure 12 were derived from the mean of all imagesacquired at 32% fuel flow,
low backpressie andincreasingair flow throughAl. Increasedair flow decreassmean comhuston throuchoutthe
cavity. Thepresege of astrongshea layerflametha extendsalmostthe entire lengthof the cavity is shavn at 0%
air injection. As air flow increaseghe shearlayer flamedraws into the aft rampcombustionregionandis no longer
clealy evidentat 70% air flow. Furthermoreasair flow increaes the combudion regiondecrasesin streamvise
length toward the aft ramp. The presere of a strongshearlayerflame on the fuel only case (image (1,1)) is an
indicatorof nearoptimumcavity combustion. Sincethis ocaurswith no air injection,the additionof more air shauld
tend to leanout the global cavity mixture further reducng overall cavity combustion.

The figure 13 was derived from the meanof all images acquiredat 50% fuel flow, low back pressue and

increasingair flow through Al. Increased
air flow increasescombustian throughou
the cavity. Note tha at 0% air flow
combustionis localized nea the aft ramp,

but the existerce of a shear layer flame is Air 0% Air 15% Air 30%
evident. As air flow is increasedthe shear
layer flame exterds farther from the aft
ramp toward the forward ste. —— —
Furthemore, at higher air loadngs a non
readive region is formed at the middle ; ; "
. . Air 40% Air 50% Air 60%

(streamwise) of the cavity.

Figure 14 shows the standad deviation
images for 50% fuel flow, various air p— — —
injection rates through Al and low
backpressure. It is obvious that the
reference line does not exadly coincide Ais 105 Air 80% Air 100%
with the cavity boundaries. Howeve, it Figure 13— 50% Fuel Flow Mean Images

occupies a fixed locaion and seved as a
valid referenceframe. All imageswith the exception of (1,1) and (3,3), display a common attribute They each
exhibit a very consstentconmbustionregionin the shea layer. This regon islocaedby its low intengty. A strong
shar layerflameis consideed to be a goad indicabr of an effective flameholdingmechanism Sud a mechaism
saves to sugain comhustion within the
cavity throuch the produdion of hot
bypraducts of combuston. These hot @/
products are re-circulaed by the cavity
vortex strudure and provide thermal Air 15% Air 30%
enggy to promote combustion
Additionally, a shea layer flame is well
suited to trander enggy in the form of
hed to the freegream flow furtheiing
combustionreactonsoutsideof the cavity. Air 40% Air 50% Air 60%
Air injectionthrough A1 continuesto have
a beneficial effect on cavity combustion

Given 50% fuel flow, combustionfill ed S |‘-——\ — e
the entire cavity volume at neaty every

air flow rate reaulting in effective use of Air 70% Air 80% Air 100%
cavity geomety. ’

Figure 14— 50% FuelFIow  gtandard Deviation Images
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Figure 15 was derived from the meanof 200imagesacquied at 75%fuel flow, low backpressureandincreaing
air flow through A1. Combustionat the
fuel only ca® is localized nea the aft
cavity ramp The sequential addtion of
air produced the following structures:
formationof shearlayerflame, extension
of the sheardayerflame fromthe aft ramp
to the cavity step,and the addition of a
combustion zone near the cavity step.
The formation of thesestructues based
on controllable parametes (i.e. fuel and
air flow rateg allows the cavity to be
tuned to best serve as a flamehoder
throughoutvarious opeating conditions.

Air 15% Air 30%

Air 40% Air 50% Air 60%

Air 70% Air 80% Air 100%

Mean Images

V. Conclusons

Air injection from the bottominjection site (A1) seredto tune the cauty for optimum comtustion for eachfuel
flow rate. Tha is, for a givenfuel flow rate,air injection flow rates can be increasedor decreaed to producea
stable,uniform combustionregion throughout the cavity. Cavity aerodyamics have shovn that morefreestreamair
is entrainal by the cavity given high backpressure.Prevousfud only studies havebeenlimited to lower fuel flow
rates especily at low backpressue, dueto this limited air entrainmen. Therefore, this fueling scheme whereair
andfuel aredirectly injectedinto the cavity, sigrificantly increaseshe opeiting limits of the cavity flameholder.

The additionof air injection serves to lean out fuel rich lobes shownto exist nea the cavity stepalowing for
combustionthroughoutthe cavity therebyincreasingts efficiency. Injection at A1 producedthe greatestregionof
impactnearthe cavity step Without air injection, the cavity step region contributes very little to the overall cavity
combustion Air injedion through the top spanwiserow of injectors (A2) minimally affected globd cavity
combustion However alocdizedregion of influencewasvisudly noted.

Efficient combusion canbe chamladerized by a strong steadysheadayerflame andglobalreaction, Increasesn
fuel flow, for the appropriate air flow, producedsignificanthea asevidencedby theincrease in temperaturewithin
the cavity. The cavity steptended to retain the heatof combusibn more so than the aft ramp, dueto the cooling
effeds of the air andfud flow throughtheranp.
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